Boron nitride (BN) has applications in a number of areas: it can be used as lubricant, as insulating thermoconductive filler or UV-light emitter. BN can also capture large amounts of hydrocarbons and gaseous molecules, provided that it exhibits a porous structure. This porous structure also enables its application as a drug-delivery nanocarrier. Little if anything is known on controlling the porosity of BN, even though it has tremendous implications in terms of adsorption performance and drug delivery properties. To address * Corresponding Author: Camille Petit, camille.petit@imperial.ac.uk M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 2 this aspect, we provide for the first time an in-depth investigation of the effects of the synthesis conditions on the formation of porous BN. The material was also tested for CO 2 capture. We found that the intermediate preparation is of paramount importance and can in fact be used to tune the porosity of BN. Owing to a combination of spectroscopic and thermal analyses, we attributed this phenomenon to the variation of the thermal decomposition pattern of the intermediates. The most microporous BN produced was able to capture CO 2 while not retaining N 2 . Overall, this study opens the route for the design of well-controlled porous BN structures to be applied as adsorbents and drug-delivery carriers.
INTRODUCTION
Hexagonal boron nitride (h-BN) is a 2D-layered material composed of boron and nitrogen atoms arranged in a honeycomb-like structure. It exhibits high thermal, chemical and mechanical stability, and a 'richer' chemistry compared to carbon-based materials, due to the polarity of B-N bonds. Boron nitride can be obtained with high surface area either in the form of an amorphous porous material -somewhat similar to activated carbon -or in the form of nanosheets, obtained by isolating single-or few-layer sheets of h-BN [1] [2] [3] . The former type of BN represents an attractive material for drug delivery, especially considering its non-toxicity. The porous feature of BN is also of interest in the field of adsorption. Porous BN can be seen as a new class of highly robust adsorbents that is complementary to carbonaceous materials, owing to the high thermal and chemical stability of BN. Recent studies have reported the use of porous BN for gas phase and liquid phase adsorption. The focus has mostly been on CO 2 capture [4] [5] [6] , H 2 storage [7] [8] [9] [10] , pollutants removal from air [11, 12] , water pollutants removal [7, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and oil adsorption [15, 21, 22] . For instance, recent work by Nag et al. [5] reported the synthesis of boron nitride with a CO 2 adsorption capacity of up to 32 wt. % at 195 K and 0.85 P/P o . Furthermore, it was demonstrated by Zhao et al. that boron nitride 3D foam could adsorb between 70 and 190 times its weight in organic pollutants and oils [22] .
Porous BN can be produced in a rather straightforward manner via bottom-up synthesis approaches. A number of these approaches have been developed and can be broadly divided into three classes: "chemical blowing" technique, template-based methods and template-free methods. Chemical blowing consists of heating ammonia borane up to M A N U S C R I P T
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4 1400 °C under an inert atmosphere. While relatively easy to implement, this technique relies on the use of an expensive precursor (ammonia borane) and results in a low surface area material (< 150 m 2 /g) [23, 24] . The second class of synthesis method -templating method -uses a sacrificial material to control the porosity of the resulting BN. Some examples of templates employed include mesoporous silica, carbonaceous materials and zeolites [25] [26] [27] . Various organic compounds have also been mixed with boron and nitrogen precursors and used as structure-directing agents to produce porous BN, such as for instance cetyl-trimethylammonium bromide [28] , or the triblock copolymer (P123) [12] .
In general, it is found that the use of inorganic templates leads to materials with lower surface areas compared to organic ones (300-600 m 2 /g vs 800-2000 m 2 /g). To avoid the use of a template, and hence reduce the number of synthesis steps and associated cost, template-free methods have been developed. Overall, solid nitrogen and boron precursorstypically melamine/urea and boron oxide/boric acid -are mixed and heat treated (500-2000 °C ) under an inert atmosphere [5, 7-9, 11, 17, 18, 29-32] . In some cases though, ammonia gas is used as the nitrogen precursor. Following this approach, materials with surface areas up to about 1,700 m 2 /g have been obtained [7] . Despite the straightforward nature of this method and its potential for scale-up, little is known on the effects of the synthesis parameters (i.e. precursor ratios, temperature, atmosphere, etc…) on the physical and chemical properties of the resulting materials. Nevertheless, if one wants to employ porous BN for specific adsorption applications or as catalyst support, the properties of the materials must be carefully controlled as they can directly influence the adsorption performance and the deposition of catalyst particles. In fact, some preliminary studies indicate that synthesis conditions probably have a significant impact on the structural and M A N U S C R I P T
5 chemical properties of porous BN. For instance, Nag and coworkers showed that varying the initial ratio of precursors prior to heating, led to a three-fold increase in the surface areas of the resulting BN [5] . It is also interesting to note that in most studies, the nitrogen and boron precursors are first mixed in a solvent -often methanol or water -prior to the heat treatment leading to BN formation. While this step was employed in most studies, no justification for it was given until a recent study by Wu and coworkers provided a greater insight on the impact of this step on BN formation [33] . It was demonstrated that the specific surface area of BN could be tailored by recrystallizing a mixture of urea and boric acid from solvents with different boiling points. The different boiling points of the solvents had an effect on the crystalline structure of the intermediates and subsequently on their decomposition during heat treatment and hence on the structure of the resulting porous BN.
In summary, the status of research on the formation (and production) of porous BN does not provide the necessary understanding to tune the material's properties for given applications, particularly adsorption.
In this study, we aim to provide an in-depth investigation of the synthesis conditions on the formation of porous BN. This is meant to unlock the potential of a new class of robust adsorbents. To do so, we employed a template-free method using urea and boric acid as the precursors. Before the heat treatment, the chemicals were mixed in water and dried for 
provide a complete picture of the structure, morphology and chemistry of the samples and relate these to synthesis conditions. Given the high porosity and particularly high microporosity of the BN samples obtained, and taking into account the presence of Ngroups, preliminary CO 2 adsorption tests were conducted.
EXPERIMENTAL

Material synthesis
In a typical experiment, urea (9 g, molecular biology grade, Sigma-Aldrich) and boric acid 
Materials characterization
Chemical properties:
The intermediates and resulting porous BN samples were characterized by Fourier Transform Infrared (FT-IR) spectroscopy. The samples were first ground in an agate mortar and spectra were collected in the range of 600-4000 cm -1 using a Perkin-Elmer Spectrum 100 Spectrometer equipped with an attenuated total reflectance (ATR) accessory. X-Ray Photoelectron Spectroscopy (XPS) was performed using a Thermo Scientific K-Alpha + X-ray Photoelectron Spectrometer equipped with a MXR3 Al Kα monochromated X-ray source (hν = 1486.6 eV). X-ray gun power was set to 72 W (6 mA and 12 kV). Survey scans were acquired using 200 eV pass energy, 0.5 eV step size and 100 milliseconds (50 ms x 2 scans) dwell times. All high resolution spectra (B 1s, N 1s, C 1s, and O 1s) were acquired using 20 eV pass energy, 0.1 eV step size. The samples were ground and mounted on the XPS sample holder using conductive carbon tape. Thermo
Avantage was used for analysis of the XPS data. The XPS spectra were shifted to align the ramp rate), with a 30 minute holding step at 100 ºC.
Structural properties and morphology:
Powder X-ray diffraction (XRD) was performed using an X-ray diffractometer (PANalytical X'Pert PRO) in reflection mode. 
Gas sorption analyses: CO 2 sorption was performed on a Micromeritics 3Flex
sorption analyzer at 25 °C, using a waterbath to control the temperature. The samples (~ 100 mg) were degassed overnight at 120 °C at roughly 0.2 mbar pressure and further degassed in-situ for 4 hours down to around 0.0030 mbar, before the start of the analysis. N 2 and CO 2 sorption were also performed on a TGA analyser at 25 °C after degassing the
sample at 120 °C in the vacuum oven overnight and additionally degassing the sample insitu at 120 °C for 1 h under N 2 atmosphere.
RESULTS AND DISCUSSION
First, the chemical features of the porous BN obtained from the different intermediates were analyzed using FTIR spectroscopy. As seen in 191.1 eV for B 1s and 397.6-398.7 eV for N 1s for boron nitride [35, 36] . The B 1s and N 1s spectra of porous BN also exhibited shake-up satellite peaks, which confirm the presence of sp 2 -hybridised BN in the hexagonal phase, as previously reported [37] [38] [39] . In addition to BN, XPS revealed the presence of between 10 and 13 at.% ± 1 at.% of oxygen impurities (Fig. 2) . The carbon content was very low (between 2 and 4 at.% ± 1 at.%) and can be attributed to adventitious carbon present as surface impurity, it was therefore not included in the atomic percentage bar plot in Fig. 2 . It is important to note that many prior studies did not report elemental analysis of porous boron nitride, however it is believed that M A N U S C R I P T
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10 the samples discussed probably contained oxygen given the similar synthetic approach. The presence of O groups modifies the chemistry and therefore adsorptive properties of a material and it is therefore important to take it into account. The elemental ratios remained relatively stable between the different samples with a higher boron content (~ 52 at.%) compared to nitrogen (~37 at.%). The higher boron content was probably due to the higher volatility of the nitrogen precursor. Based on the peak fit, the oxygen impurities were assigned to boronoxynitride BO x N y species, with a binding energy of 192.5 eV, which concurs with the previous findings [40] . The boronoxynitride was probably part of the crystal lattice within the BN layers or at the edges of these layers. It must be noted that no contaminants other than C and O were observed in the samples (Supplementary Fig. S2 ).
The three main conclusions of the XPS analyses are that: (i) boron nitride was formed, (ii)
O impurities were present in relatively significant quantities, and (iii) the chemical features of the various samples were very similar, as supported by FT-IR spectroscopy (Fig. 1) .
Taking into account their very similar chemistry, the physical and structural properties of the samples were then analysed in order to identify any potential differences indicating an effect of the synthesis parameters on the resulting materials. The crystallinity of the porous BN samples obtained from various intermediates was analyzed using XRD. As shown in Fig. 3 , the XRD patterns displayed the (002) and (100) peaks corresponding to hexagonal BN (JCPDS card no. 34-0421) [41] . The absence of the (004) peak is due to its typically very low intensity compared to the (002) and (100). The d-spacing for the (002) plane (Table 1) , corresponding to the distance between the different layers, was larger than that reported in the literature for bulk h-BN (3.3 Å) [2] and slightly increased with the
intermediates' drying time from 3.51 Å for BN-0 to 3.60 Å for BN-200 and BN phys mix.
The larger d-spacing was probably related to the non-planar texture of the BN layers owing to the presence of defects (e.g. O groups as indicated by XPS study above). The presence of trapped molecules like water was however ruled out due to the high temperature used to produce porous BN and the hydrophobic nature of boron nitride. The XRD peaks were very broad and exhibited low intensities, indicating the presence of a turbostratic structure, a structure that is half way between hexagonal and amorphous [30] . It is interesting to notice that the crystallinity slightly increased in samples prepared with intermediates dried for a shorter time.
While the chemical features did not visibly change with the change in the intermediate drying time, the XRD patterns point to some structural variations. Further analyses were therefore conducted to get a greater insight. To characterize the nano/microscale features of the samples, their porosity was analyzed using nitrogen sorption at -196 °C. The resulting isotherms exhibited a type I/IV isotherm indicating the presence of both micropores and mesopores (Fig. 5) . Type H3/H4 hysteresis were also visible which is typical for slit shape pores. 
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Since it was clear from the above measurements that the intermediate drying time had an effect on the microscale structure of the resulting porous BN, we then investigated whether this was also the case at the macroscale. The morphology of the porous BN samples was characterized using high resolution SEM. As shown in Fig. 5 , the samples exhibited two main features: a flake-like morphology (Fig. 5A ) and a more porous structure (Fig. 5B) .
These features were visible on all samples. In addition, high-resolution TEM was used and the images (Fig. 6) highlighted the typical disordered turbostratic structure as supported by the XRD patterns. Again no major differences between the various samples could be observed.
In order to understand why the drying time of the intermediate affected the porosity of BN samples, the chemical and physical features of the different intermediates were analyzed.
The FTIR spectra of the intermediates were compared to those of urea and boric acid (Supplementary Fig. S1 ). No additional bands other than that from urea and boric acid could be observed, indicating no major change in the chemical composition and therefore most probably no chemical reaction between the two precursors. This is in agreement with the findings of Wu and coworkers [33] . Only weak interactions might have been present.
To understand whether the intermediates formed only a physical mixture or involved interactions between boric acid and urea (as would be expected), XPS analysis was This observation suggested the absence of strong bonds being formed between the precursors which, albeit surprising, is in good agreement with the FTIR results Fig. S1 ). The peak-fitted core level XPS spectra for a typical intermediate sample were also reported in Fig. S3 . Observing the B 1s spectra of the intermediates in Fig. 7 and Fig. S3 , the main peak, (Figure 7 , B 1s, peak [2] ), at binding energies of 192.7-192.9 eV, is in good agreement with the literature value for boric acid [40] . Urea was also present as indicated by the main peak (Fig. 7 , N 1s, peak [2] ) at binding energies of 400.0-400.2 eV, which correspond to the experimentally measured value for urea (400.0 eV, data not shown here). The N 1s and B 1s spectra also exhibited additional peaks (peak [1] )
(Supplementary
probably belonging to impurities present in the urea and boric acid precursor, respectively.
These impurities have not been identified but appeared in the physical mixture as well as the intermediates, indicating that no reaction happened during the dissolution step. The O 1s spectra showed the presence of two peaks, one associated with urea (peak [2] ) in agreement with the experimentally measured value (not shown) and the other was assigned to boric acid (peak [1] ). The C 1s spectra exhibited 3 peaks, peak [1] corresponding to the carbon in urea, in good agreement with the experimentally measured value, some C
impurity not yet identified, peak [2] , and adventitious carbon (C-C) (peak [3] ). The elemental ratios varied between samples, as indicated by differences in peak intensities, but did not exhibit any trend or at least no justifiable trend at this stage of the study (this was also observed on other intermediate samples).
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XRD was used to characterize the intermediates (the ones before any heat treatment at 250 °C, INT-X) (Fig. 8) . No new peaks other than those from urea and boric acid were observed ruling out the formation of a new crystalline structure. Owing to the absence of a dissolution step, the physical mixture exhibited a different crystalline structure compared to that of the intermediate samples (higher relative intensity of (110)/(101) reflections for urea). The peak related to boric acid was visible on the XRD pattern of the physical mixture while this was not the case for the intermediate samples. This is attributed to the fact that boric acid molecules were better mixed in the latter samples.
The visible difference in crystallinity (difference in relative intensities) between the various intermediates (and the physical mixture) may have had an impact on the thermal decomposition profile of the samples [42] , which in turn could have influenced the morphology of the resulting materials. To investigate this aspect, the intermediates as well as the physical mixture were analyzed using TGA-MS. The TG curves are presented in Fig. 9 while the mass spectra of various species released during decomposition are plotted in Fig. 10 . The most noticeable feature on Fig. 9 was the fact that between 160 ºC and 250 ºC the intermediates dried for longer exhibited a lower mass loss. This could be due to the formation of a larger quantity of a thermostable BN precursor for samples dried for longer. As seen in Fig. 10 , two major weight losses were observed that coincide with the release of four different gases, namely ammonia, carbon dioxide, isocyanic acid and water.
Intermediates dried for longer started decomposing at lower temperatures. Moreover, the (Fig. S5) . The spectrum of INT-0-250 shows the typical h-BN bands at 775 and 1390 cm -1 , as previously reported by Gouin et al. [40] .
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Owing to its relatively large porosity, and particularly microporosity, porous BN was tested for CO 2 capture under ambient conditions. The results are presented in Fig. 12 . The capacity measured at 1 bar and 25 °C was about 0.6 mmol/g. It is recognized that this value remains somewhat small when compared to the best CO 2 adsorbents like metal-organic frameworks but it represents a noticeable improvement compared to the reported data in previously published work on CO 2 adsorption using BN-based materials. Indeed, the latter (and few) studies either used different testing conditions that are not relevant to CO 2 capture (e.g. lower temperatures) [4, 5] , or reported a lower capacity when tested under the same conditions [6] . Since N 2 is another major component of the flue gas, the material was tested for N 2 adsorption under the same conditions (1 bar, 25 °C) using a gravimetric technique and no uptake was measured indicating promising selectivity.
CONCLUSIONS
To conclude, we have performed an in-depth investigation of the effect of synthesis conditions on the formation of porous boron nitride using a bottom-up approach. In The dotted lines represent values from reference patterns for urea [43] and boric acid [44] . 
